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Sustainable materialsa b s t r a c t
This work compares the mechanical performance of agglomerated cork against synthetic materials typ-
ically used as impact energy absorbers. Particularly, the study will focus on the expanded polystyrene
(EPS) and expanded polypropylene (EPP).
Firstly, quasi-static compression tests are performed in order to assess the energy storage capacity and
to characterize the stress–strain behavior cellular materials under study. Secondly, guided drop tests are
performed to study the response of these materials when subjected to multiple dynamic loading (two
impacts). Thirdly, ﬁnite element analysis (FEA) is carried out in order to simulate the compressive behav-
ior of the studied materials under dynamic loading.
Results show that agglomerated cork is an excellent alternative to the synthetic materials. Not only for
being a natural and sustainable material but also for withstanding considerable impact energies. In addi-
tion, its capacity to keep some of its initial properties after loading (regarding mechanical properties and
dimensions) makes this material highly desirable for multiple-impact applications.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Synthetic and natural cellular materials have been used in many
applications. From packaging of goods to military devices, from
civil to aerospace engineering, these materials have been used in
engineering applications where a good energy absorption capabil-
ity is a desired feature. These materials are also commonly used in
applications such as thermal-acoustic insulation [1].
Cellular materials are the material of election also for personal
protective devices where the best example can be found on head
protection systems such as road-helmets [2–5]. In fact, under com-
pressive loading, these materials can undergo large strain deforma-
tion while maintaining a low stress plateau before reaching
densiﬁcation. This behavior allows them to absorb large amounts
of energy under low stresses. Fig. 1 shows a typical compressive
stress–strain curve for cellular materials.
Expanded polystyrene (EPS), expanded polypropylene (EPP),
cork or even metal foams are examples of these materials. The best
material for each application depends on the application itself,
depending on the mechanical loading, strain rate, etc. The mate-
rial’s mechanical behavior depends on the density, loading strain
rate and it is also affected by the manufacturing process. Thisdependency attracted many researchers trying to characterize
those materials under quasi-static and dynamic loading [1,6–10].
EPS is possibly the most common within these materials,
mainly due to a convenient cost-beneﬁt ratio [1], being widely
employed in the packaging industry. It is also employed in highly
demanding applications such as impact absorption in safety gear.
This closed cell foam absorbs energy by crushing mechanisms (col-
lapse of walls). The EPS density is an important property because
the yielding stress at which the foam crushes is directly related
to it [11]. This parameter inﬂuences the EPS energy absorption
capability, being responsible for the basic mechanisms of deforma-
tion and failure, determining the maximum crushing [1]. The typ-
ical stress–strain curve of EPS under compression is similar to the
one illustrated in Fig. 1. In this, three regions can be identiﬁed: at
very low stresses the material presents an almost linear elastic
behavior, followed by a wide plateau where the stress remains
almost constant, which leads to densiﬁcation, where stress rises
steeply for large strains.
Although this type of foam has an excellent ﬁrst impact perfor-
mance, in case of a subsequent impact in the same area, the protec-
tion level offered by EPS is minimal since the material deforms
permanently without elastic recovery [7,12–14]. Thus, its energy
absorption capability is signiﬁcantly decreased after one impact,
particularly in high-energy ones where large strains are reached.
In order to overcome this issue, some materials were proposed
Fig. 1. Typical compressive stress–strain curve for cellular materials.
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cork [2,3] as motorcycle helmet liners.
EPP is also a synthetic material like EPS. For a ﬁrst impact, their
mechanical behavior is quite similar [7]. Nevertheless, EPP foam
has a multi-impact protection performance [7], as showing a rele-
vant counterpart of elastic deformations. On the other hand, the
quasi-static mechanical properties of EPP foams are attractive
and available in recent publications, but impact properties are very
limited [15].
Cork (in natural or agglomerated versions) is a natural cellular
material capable of absorbing considerable amounts of energy
[16,7]. Cork is characterized by having both a good energy absorp-
tion capacity and a high viscoelastic return (deforms mainly elasti-
cally). After one impact, the capacity of this material to keep
absorbing energy is almost unchanged. Few researchers recently
studying this material also tried to employ it in a great variety of
applications, such as road helmets [2,3] and vehicle’s passive safety
mechanisms [18]. When compared to synthetic cellular materials,
cork also appears as a sustainable alternative, once it is fully recy-
clable and the tree is not harmed as renewing its outer bark every
nine years.
Nevertheless, cork is a complex natural cellular material with
unknown or not well understood properties [19]. However, many
researchers have extensively studied the fundamental aspects of
cork’s mechanical behavior under quasi-static axial compressive
loading [20–27]. More recently, and regarding agglomerated cork
(details on how agglomerated cork is produced can be found in
[28]), the inﬂuence of cork density on cork’s mechanical behavior
under compression, as well as the subsequent recovery of dimen-
sions were studied by Anjos et al. [29]. However, few researchers
studied agglomerated cork’s mechanical behavior when subjected
to dynamic compressions. Gameiro et al. [19] studied cork’s (natu-
ral and agglomerated) mechanical behavior under impact loading
at strain rates ranging from 200 to 600 s1. Nevertheless, the
recovery dimensions at dynamic rates were not studied. In addi-
tion, quasi-static and dynamic tests were performed on agglomer-
ated cork samples by Fernandes et al. [6] and the impacts on cork
samples were simulated using ﬁnite element analysis (FEA),
including the material’s compression and relaxation.
The main objective of this study is the comparison of the
mechanical response of EPS, EPP, agglomerated cork and expanded
cork under multiple dynamic compressive loading (two impacts).
There is also interest on the study of expanded cork and on evalu-
ating its suitability as impact energy absorber, since there is no
information about it in the literature. In addition, the impacts car-
ried out experimentally were simulated for both agglomerated
cork and expanded cork and also for EPS and EPP.2. Materials and methods
In this study, EPS, EPP, agglomerated cork (AC) and expanded
cork (EC) samples were tested. Expanded cork is different from
the agglomerated one, mainly because of the manufacture process,
which involves expansions under heat, pressure, and water addi-
tion. As a result, grain size is dramatically increased, density
decreases and no binders are involved. Suberin (a subproduct of
cork) acts as binder and the material is a 100% natural, in opposi-
tion to typical agglomerated cork that includes polyurethane as
binder.
EPS and EPP were tested because they are among the most pop-
ular synthetic foams employed in energy absorption applications.
Thus, it is possible to carry a comparison between the most used
synthetic materials in energy absorption applications and cork
solutions.
In order to perform this comparison, compression tests were
performed at quasi-static and dynamic strain rates. The latter are
guided impact tests, using a drop tower. Regarding the numerical
simulations, Abaqus FE code was used to simulate the impacts.
2.1. Materials
In order to compare synthetic and natural cellular materials,
EPS with a density value of 90 kg/m3 and EPP with densities of
60 and 90 kg/m3 were chosen (Fig. 2a). These are the density values
commonly found in protective helmets. Regarding the cork sam-
ples (Fig. 2b), two densities were tested for AC, with 199 kg/m3
and 216 kg/m3, and one for EC with 159 kg/m3.
The samples were produced by Petibol (EPP and EPS), Sofalca
(EC) and CORKSRIBAS (AC), all of them Portuguese companies.
2.2. Experimental tests
Quasi-static and impact tests were performed in order to char-
acterize and compare the materials for different strain rates. The
procedure and setup of both tests is described below.
2.2.1. Quasi-static compression tests
Uniaxial quasi-static compressive tests were carried out using a
Shimadzu AG50 KN testing machine with a video extensometer
apparatus (Messphysic ME46NG).
The uniaxial compression test proceeded up until a 6.5 MPa
stress was achieved. At this value, it is possible to observe densiﬁ-
cation in agglomerated cork and synthetic foams.
The samples were cubes of an average size of 60  60  60 mm.
These samples were compressed at a velocity of 5 mm/min. The
output force–displacement curves allowed to compute the Young
moduli and energy absorbed per volume and to plot the stress–
strain curve when compressed at quasi-static strain rates.
2.2.2. Impact tests
The impact tests were performed in a drop tower designed by
the authors. This test rig consists in a 3 meter-high tube, which
guides the hemispherical impactor. The impactor reaches an aver-
age impact speed of 4.5 m/s (ranging between 4.3 and 4.7 m/s).
This steel impactor has a diameter of 94 mm and weighs 5 kg.
In order to measure the acceleration history during the impact,
a uniaxial accelerometer (1201 Measurement Specialties) was
placed inside the impactor. In addition, near the impact zone, there
are two reﬂective object sensors (OPB700ALZ). These are separated
from each other 15 mm in order to measure the impact speed. The
signal from both reﬂective sensors and the accelerometer are
acquired by an acquisition card TD 9816 at an acquisition rate of
2000 Hz. The acceleration history and the speed values were
Fig. 2a. Samples: of EPP (black) and EPS (white). No magniﬁcation.
Fig. 2b. Samples of agglomerated and expanded (black) cork.
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ming language.
Fig. 3 shows in detail the impact area, where the samples are
positioned on a steel block. The rectangular samples dimensions
are 120  120  25 mm, where the minor dimension corresponds
to the samples thickness. The second impact is carried out approx-
imately 30 s after the ﬁrst impact.
The main goal of this test is the comparison of the agglomerated
cork and the referred synthetic materials behavior under dynamicFig. 3. Guide drop test apparatus [6].loading. In other words, the capacity of these materials to absorb
energy when subjected to dynamic loading.2.3. Finite element analysis
The double impacts performed in the last section were simu-
lated using Abaqus FE code Explicit solver. The samples dimen-
sions’ such as the impactor’s mass, geometry and dimensions as
well as the impact velocity match the experimental data. Two rigid
parts were modeled, a fully constrained bottom plate that repre-
sents a steel base and half a sphere that represents the steel impac-
tor. The samples were modeled as deformable bodies. The
interaction between the sample and the rigid bodies was modeled
with a hard surface-to-surface type of contact (Explicit). A friction
coefﬁcient of 0.2 was used to model such interaction. The rigid
impactor has just one degree of freedom (vertical), whereas sam-
ples have no lateral constraint, as in the experiments. The setup
is shown in Fig. 4
In order to create the FE model, the sample was modeled with
eight-node fully integrated linear brick elements (Abaqus’s C3D8
element). The rigid plate was modeled with rigid quadrangular ele-
ments (Abaqus’s R3D4 element). The hemispherical impactor was
modeled with rigid triangular elements (Abaqus’s R3D3). More
details about the mesh are presented in Table 1.
The meshes of each part were created avoiding distorted and
warped elements. Special attention was given to elements size,
in order to have reliable results but at the same time to have a rea-
sonable computational time. Regarding the sample’s mesh, several
simulations were performed, increasing the number of elements
until the results converged, deﬁning the optimal number of
elements.
Fig. 4. Guided drop test – numerical setup [6].
Table 1
Mesh properties.








Rigid triangular shell R3D3 1142 602
Bottom plate Rigid quadrangular shell R3D4 4 9





















Fig. 5. Synthetic foams and agglomerated cork stress–strain curves.
Table 2
Material parameters introduced in Abaqus to characterize agglomerated cork, EPP and
EPS.
Material q (kg/m3) E (MPa) m pt/pc0 rc0/pc0 r m b
AC 199.1 – 0 – – 1.8 0.01 0.1
216.2 – 0.3 – – 1.1 0.5 0.1
EC 159.4 – 0 – – 1.01 0.3 0.1
EPP 60 – 0.04 – – 1.01 0.01 0.1
90 – 0.03 – –
EPS 90 44 0 0.1 2.5 – – –
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Agglomerated cork and EPP were modeled as nonlinear hyper-
elastic materials. This simpliﬁcation was considered valid due to
the very small amount of plasticity observed experimentally. This
was also veriﬁed in Fernandes et al. [6]. Agglomerated cork exhi-
bits predominantly an elastic behavior, where the plastic behavior
represents a small part of cork mechanical characteristics, only
reached at very high deformations and high strain energies. On
the other hand, EPS was modeled as a nonlinear plastic material.
As in Fernandes et al. [6], agglomerated cork was modeled with
the combination between Hyperfoam and Mullins Effect material
models. The same combination of material models was used to
simulate EPP mechanical behavior under compression.
Parameters were optimized for each material.
Hyperfoam is an isotropic and nonlinear material model typi-
cally used to characterize elastomeric foams that present hypere-
lastic behavior. It is also intended for ﬁnite-strain applications
where it can deform elastically to large strains, up to 90% strain
in compression.
In the Hyperfoam material model, the elastic behavior of the











where N is an integer (the polynomial order), ki are the principal
stretches, J is the elastic volume ratio (J = k1 k2 k3), li are shear mod-
uli, ai and bi are curve-ﬁtting non-integral exponents.
The principal stretches, ki, are related to the principal nominal
strains, ei, by:
ki ¼ 1þ ei ð2Þ
In order to correctly model the permanent energy dissipation
and stress softening effects in agglomerated cork, the Mullins
Effect model is used together with the Hyperfoam material model,
providing an extension to the isotropic elastomeric foam model.
Thus, this material model is used to include the damage present
in elastomeric foams, modeling energy absorption in foamcomponents subjected to dynamic loading, under deformation
rates that are high when compared to the characteristic foam time
relaxation. The energy dissipation effects are accounted for by
introducing an augmented strain energy density function of the
form:
Uðki;gÞ ¼ geUðkiÞ þ /ðgÞ ð3Þ
where ki (i = 1, 2, 3) represent the principal mechanical stretches
and U˜(ki) is the strain energy potential for the primary foam behav-
ior described by Eq. (1). The function /(g) is a continuous function
of the damage variable, g, and related to the damage function [30].
The model also predicts energy dissipation under purely volu-
metric deformation.
The damage variable, g, varies with the deformation according
to:







where Um is the maximum value of U˜ at a material point during its
deformation history; r, b andm are material parameters and erf(x) is
the error function. While the parameters r and b are dimensionless,
the parameter m has the dimensions of energy.
The EPS foamwas modeled as elasto-plastic material, where the
elastic behavior of EPS is modeled with Hooke’s law. To simulate
the EPS plastic behavior, the Crushable Foam material model was
employed. This model is based on the uniaxial-compressive
response of closed-cell polymer foams given by:
rc ¼ rc0 þ P0e1 e R ð5Þ
where rc is the engineering compressive stress, rc0 is the compres-
sive yield stress, P0 is the effective gas pressure in the cells, and R is
the foam relative density (foam density divided by solid polymer
density). This same strategy was used by Fernandes et al. [5] to
model the behavior of EPS under compression.
The quasi-static compression curves presented in Fig. 5 were
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value to model agglomerated cork and EPP. These and other impor-
tant material parameters introduced in the material models are
presented in Table 2. In this, the ratios pt/pc0 and rc0/pc0 are the











Fig. 7. Acceleration curves with 5 kg impactor.
Table 3
Mean acceleration peak increase in the second impact.
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Fig. 8. Mean acceleration peak value for both impacts (EPP60 missing since it was
destroyed after ﬁrst impact).3. Results and discussion
3.1. Quasi-static tests
Fig. 5 presents the average stress–strain curve obtained from
testing 5 samples of each material. As expected, these cellular
materials exhibit a steep increase of stress for very small strains
(5%). Then, these materials exhibit a wide plateau (5% to 60%
of strain), keeping a small stress. This plateau is the key responsible
for the energy absorption capacity of cellular materials. Finally the
materials reach densiﬁcation (when cell walls ﬁnally collapse),
characterized by an accentuated stress increase that occurs for a
given small strain variation [11].
The uniaxial quasi-static stress–strain curves of all the materi-
als tested can now be compared. From a ﬁrst look, it can be stated
that synthetic materials have a higher Young’s modulus than
agglomerated cork. This fact allows synthetic foams to achieve
the plateau region with smaller deformations. Also, synthetic
foams present a lower slope in plateau region and a densiﬁcation
for higher strain values, when compared to agglomerated cork.
Once the goal is absorbing large amounts of energy, the mechanical
response preferably should include a long plateau with moderate
stress values, followed by densiﬁcation only reached for high
strains. From this point of view, and focusing only on the agglom-
erate cork, the AC216 is interesting because exhibits a high plateau
stress. Nevertheless, it reaches densiﬁcation sooner than the other
agglomerates. Also, AC199 densiﬁcates only for high strains but the
plateau region has low stress values. Finally, EC159 presents a
commitment between a high stress plateau and densiﬁcation at
high strains. In the end, as already referred, the material choice will
depend on the desired application and on the allowed stress level.
Regarding synthetic foams, they exhibit high plateaus stress
and densiﬁcation only for high strains. However, regarding multi-
ple impacts, synthetic foams do not perform as well as agglomer-
ated cork. This is demonstrated in the next section.
Fig. 7 shows the average value of Young’s modulus and its dis-
persion. These values were measured experimentally by comput-
ing the slope in the linear elastic region. The most dominant
factor of Young’s moduli is the relative density [11]. This is clear
by analyzing the agglomerated cork samples. Even the agglomer-
ated cork with higher Young’s modulus (AC216) has a small value














Fig. 6. Young Moduli of agglomerated cork and synthetic foams.3.2. Dynamic tests
Table 3 and Fig. 7 depict impact test for the analyzed materials.
It is worth noting that the EPP60 s impact data is missing, since the
ﬁrst impact destroyed the samples.
Fig. 8 and Table 3 shows that synthetic materials clearly have a
higher degradation of its properties than cork. It was possible to
visually verify that EPP has a viscoelasticity similarly to agglomer-
ated cork. However, this EPP feature does not bring any advantage
over EPS, which has a perfectly plastic deformation outside the lin-
ear elastic zone.
Comparing the tested cork samples, it is possible to conclude
that there is almost none degradation of the AC216 properties,
even after 4 or 5 impacts. Further tests, with different masses
showed that cork agglomerates can be employed in applications
with a wide range of impact energies. Guided impact tests with a
10 kg impactor were also performed on agglomerated cork sam-
ples. In these tests, and for instance, AC199 agglomerate had a
Fig. 9. Comparison between numerical and experimental results – AC199.
Fig. 10. Comparison between numerical and experimental results – AC216.
Fig. 11. Comparison between numerical and experimental results – EC159.
Fig. 12. Comparison between numerical and experimental results – EPP60.
Fig. 13. Comparison between numerical and experimental results – EPP90.
Fig. 14. Comparison between numerical and experimental results – EPS90.
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ond impacts with a 5 kg and a 10 kg impactor, the peak accelera-
tion values were approximately the same. In addition, the EC159
agglomerate presents a noticeable degradation of its properties,
but with a good ﬁrst impact performance. Thus, it can be concluded
that the expanded agglomerated cork is the most suitable for low
impact energies.
3.3. Simulations
The impact tests performed in this study were also simulated.
This is important to make further tests saving material and time.
The results from FEA were compared against the experiments.Figs. 9–14 compare the impactor’s uniaxial acceleration-time his-
tory for both natural and synthetic materials. Experimental results
were ﬁltered to eliminate small oscillations.
In general, the results obtained in FEA are close to the ones mea-
sured experimentally. The acceleration peaks in the simulations
with AC199, AC216 and EC159 corks and with both EPP60 and
EPP90 are very close to the ones measured experimentally.
Among these referred materials, the worst approximation was
obtained in the ﬁrst impact with EPP90. Regarding the impacts
duration in the simulations, generally these are very similar to
the ones measured experimentally, being slightly higher in some
simulations. Thus, as concluded in Fernandes et al. [6] the combi-
nation between Abaqus’s Hyperfoam and Mullins Effect material
F.A.O. Fernandes et al. /Materials & Design 82 (2015) 335–341 341models is capable of representing, with very good reliability, the
behavior of materials such as agglomerated cork or EPP.
The results agreement were not so good in the simulation of EPS
under double compression. The acceleration peaks of both impacts
are reasonably represented. However, the numerical curve during
both impacts is wider than the experimental. Nevertheless, the
impact duration is approximately the same for both impacts. This
means that higher energies are reached during the impacts in sim-
ulations with EPS.
4. Conclusions
With the increasing need for sustainable and recyclable materi-
als, it becomes necessary to employ environmental friendly solu-
tions even in demanding engineering applications.
Cork and its agglomerated versions are well-knownmaterials in
what concerns insulation applications, from thermal to acoustics.
However, the capacity of this organic material to absorb impact
energy is also noticeable.
This work focused on the comparison of two main types of
agglomerated cork and two types of synthetic foams: the
so-called white agglomerated cork, with smaller grains and higher
densities and the expanded (black) cork, with larger grains and
lower densities. Expanded polystyrene and expanded polypropy-
lene were the chosen synthetic foams for comparison purposes.
Quasi-static and impact tests were performed. Results indicate
a larger Young’s modulus and higher plateau stresses for synthetic
materials, which indicates more energy absorbed per unit volume
under low stresses and quasi-static conditions. However, when
impact situations are evaluated, natural materials show a much
better compromise between performance and endurance under
several impacts.
It should be noted that for instance helmet standards are evolv-
ing in the sense to require multiple impacts for validation pur-
poses. This can be the deﬁnitive key (along with environmental
aspects) to drive a higher usage of natural cellular materials like
cork.
FEA were also performed, simulating the double impacts per-
formed on all materials tested in this study. In general, the results
obtained in FEA are close to the ones measured experimentally.
The worst results were obtained in the simulation of impacts on
EPS. In this sense, an accurate and reliable framework to simulate
the mechanical response of natural and synthetic cellular materials
was established.
The ultimate goal of this work is to infer the viability of replac-
ing synthetic foams by natural ones. From the results and compar-
isons herein shown, it appears to be a completely plausible (if not
better) solution for protective liners.
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